Transposable elements (TEs) constitute a substantial portion of many eukaryotic genomes, and can in principle contribute to evolutionary innovation as well as genomic deterioration. Daphnia pulex serves as a useful model for studying TE dynamics as a potential cause and/or consequence of asexuality. We analyzed insertion polymorphisms of TEs in 20 sexual and 20 asexual isolates of D. pulex across North American from their available whole-genome sequencing data. Our results show that the total fraction of the derived sequences of TEs is not substantially different between asexual and sexual D. pulex isolates. However, in general, sexual clones contain fewer fixed TE insertions but more total insertion polymorphisms than asexual clones, supporting the hypothesis that sexual reproduction facilitates the spread and elimination of TEs. We identified nine asexual-specific fixed TE insertions, eight long terminal repeat retrotransposons, and one DNA transposon. By comparison, no sexual-specific fixed TE insertions were observed in our analysis. Furthermore, except one TE insertion located on a contig from chromosome 7, the other eight asexual-specific insertion sites are located on contigs from chromosome 9 that is known to be associated with obligate asexuality in D. pulex. We found that all nine asexual-specific fixed TE insertions can also be detected in some Daphnia pulicaria isolates, indicating that a substantial number of TE insertions in asexual D. pulex have been directly inherited from D. pulicaria during the origin of obligate asexuals.
Introduction
Transposable elements (TEs) are mobile DNA elements that can replicate from one location to another within a genome or between genomes, and are believed to be a major factor in large-scale genome reorganization. TEs constitute a large portion of many eukaryotic genomes, although the proportions of TEs vary among species, for example, TEs constitute~4% of the Drosophila genome,~6.5% of the Caenorhabditis elegans genome,~45% of the human genome,~60% of the soybean genome, and up to~80% of the maize genome (SanMiguel et al. 1996; Duret et al. 2000; Lander et al. 2001; Kaminker et al. 2002) . Mobilization of TEs is capable of introducing gene inactivation or illegitimate recombination, and the insertion of TEs typically reduces the viability of the host genome (Hurst and Werren 2001) . Therefore, active TEs are a significant source of deleterious mutations. For example, TEs cause~10 and~50% of deleterious mutations in mammals and Drosophila, respectively (Finnegan 1992; Kazazian 1998) . In a few cases, TE insertions may provide an adaptive advantage (Gonzá lez and Petrov 2009; Bié mont 2010; de Souza et al. 2013 ), a premium example being the Het-A elements that comprise the telomeric DNA of Drosophila (Zemojtel et al. 2009 ).
TEs are generally divided into two major classes based on their transposition mechanisms: retrotransposons or class I elements, spreading in a "copy-and-paste" manner, copying through an RNA template prior to inserting into the genome, and DNA transposons or class II elements, spreading through a "cut-and-paste" manner, enabling movement and integration into a new location in the genome without copying the parent allele (Wicker et al. 2007 ). Retrotransposons can be further subdivided into two subclasses: long terminal repeat (LTR) retrotransposons, and non-LTR retrotransposons. LTR retrotransposons are composed of a coding region with a pair of LTRs, containing opening reading frames (ORFs) for Gag and Pol coding regions. The Pol ORF includes four key protein domains required for the replication and transposition of TEs into host genome: aspartic protease (AP), RNase H (RH), reverse transcriptase (RT), and integrase (INT), among which RT is the most conserved protein domain. Intact non-LTR retrotransposons contain a protein region encoding an RT domain, which has been used as the main signal to identify and classify these elements (Rho and Tang 2009) . Most autonomous DNA transposons are composed of a transposase coding region flanked by terminal inverted repeats (TIRs), except for the newly identified clade of helitrons (Jiang 2013a) . Retrotransposons outnumber DNA transposons in most species partially due to their intrinsically higher proliferative potential. DNA transposons and a small subset of LTR retrotransposons are capable of horizontal transmission (Arkhipova and Meselson 2005) . In contrast, non-LTR retrotransposons can only be transmitted vertically, and phylogenetic analysis of RT and RH protein domains indicates that non-LTR retrotransposons are much more ancient than LTR retrotransposons (Eickbush and Malik 2002; Arkhipova and Meselson 2005) . The evolutionary factors that affect TE abundances have been studied extensively (Wright et al. 2003; Le Rouzic and Capy 2005; Le Rouzic et al. 2007) , including the intrinsic mechanisms of mobilization, population structure, and the interaction between TEs and their host, among which the reproductive manner of the host is thought to play an important role in determining the fate of TEs (Charlesworth 1994; Wright and Finnegan 2001; Lynch 2007) .
Although rare, asexual lineages arise from sexual ones independently in some species. Whether loss of sex will cause an increase or decrease in TE abundance remains undetermined. On the one hand, theoretical models predict that meiosis and recombination in sexual lineages facilitate the spread of TEs to new individuals in a population even if TEs are (mildly) deleterious (Hickey 1982) . In contrast, in asexual lineages lacking recombination, within-lineage transmission of genes in asexual isolates is expected to limit the spread of TEs (Charlesworth and Langley 1986) . On the other hand, in the absence of sex, TEs may become less virulent because the interests of TEs are consistent with the interests of their host. Regulatory mechanisms in asexuals may also play more important roles in reducing the rate of transposition than in sexuals to defend deleterious effects of TE load (Wright and Finnegan 2001) . Moreover, asexual lineages typically arise from sexual ones and thus inherit TEs from sexuals. The reduced effective population size in asexual lineages may allow genetic drift to fix TEs by a Muller's ratchet-like process at a higher rate than in sexuals (Dolgin and Charlesworth 2006) . Therefore, the abundance of TEs in asexual and sexual lineages is relevant to our understanding of the evolutionary mechanisms of driving the architecture of genomes.
An earlier study showed that when Ty3 retrotransposons are introduced into the experimental sexual and asexual populations of the yeast Saccharomyces cerevisiae, the new TEs spread faster and are more likely to become established in sexual populations compared with asexual populations (Zeyl et al. 1996) . Although the ancient bdelloid rotifers are not strictly asexual due to the presence of some gene exchanges between individuals (Debortoli et al. 2016) , they have fewer DNA transposons and lack several classes of retrotransposons compared to their sexual relatives (Arkhipova and Meselson 2000, 2005; Flot et al. 2013) . Moreover, the selfing plant Arabidopsis thaliana experienced a recent reduction in TE abundance compared to its outcrossing relative Arabidopsis lyrata (De La Chaux et al. 2012) . Finally, a recent study compared the whole-genome TE loads of five asexual arthropod lineages and their sexual relatives, including crustaceans, insects, and mites, suggesting that there is no evidence of excess TE accumulation in genomes of asexuals as compared to sexual lineages (Bast et al. 2016) .
The Daphnia pulex species complex, a group of freshwater microcrustaceans, where obligate parthenogenetic (asexual) lineages and cyclically parthenogenetic (sexual) lineages coexist, is one of the best-documented systems of contagious asexuality in animals (Lynch et al. 2008) . Sexual D. pulex lineages typically reproduce offspring by females directly developing embryos through parthenogenesis; however, they still may produce males capable of meiosis in unfavorable conditions. In contrast, asexual D. pulex lineages lose the ability to engage in sexual reproduction and reproduce strictly by obligate parthenogenesis in any environment. Interestingly, the lack of sexual reproduction in asexual lineages is limited to females, and males produced by some asexual females are still capable of haploid gamete production, providing a way for transferring asexuality elements to sexual populations via backcrossing (Innes and Hebert 1988; Xu et al. 2015) . Previous studies showed that the estimated age of obligately asexual D. pulex ranges from as young as~1,000 years (Lynch et al. 2008) to as old as~172,000 years (Paland et al. 2005) . Recent genome-wide association studies also suggested that the spread of asexuality in D. pulex is perhaps as recent as 1,250 years, although the origin of the meiosis-suppressing elements could be substantially older (Tucker et al. 2013) . The authors observed that all asexual clones share the same haplotypes in several genomic regions, including almost the entirety of chromosomes 8 and 9, both of which are thought to be associated with obligate asexuality. Recent studies suggested that the mutations that suppress meiosis and cause obligate asexuals originated via historical hybridization and introgression events between D. pulex and a closely related sister species, D. pulicaria . Given the widespread presence of sexually and asexually reproducing D. pulex populations and the independent origin of multiple asexual lineages (Innes and Hebert 1988) , D. pulex complex is an ideal system for investigating how sexual or asexual reproduction shapes the dynamics of TEs.
TEs comprise~10% of the D. pulex genome (TCO), among which LTR retrotransposons constitute~8.0% of the D. pulex genome, while non-LTR retrotransposons and DNA transposons each constitute~0.7% of the entire genome (Colbourne et al. 2011) . Schaack et al. (2010a, b) used transposon display to investigate the dynamics of DNA transposons in D. pulex, and showed that sexual lineages exhibit higher insertion-site polymorphism of DNA transposons than asexual lineages, suggesting that sex and recombination may facilitate the spread of DNA transposons. Eads et al. (2012) found a unique TE insertion site near a meiotic cohesin related gene Rec8 in all tested obligate asexuals, while the TE insertion is completely absent in all sexuals. However, because empirical studies focused on only one or a few TE families in D. pulex, our understanding of TEs in D. pulex is still far from comprehensive due to the lack of pertinent large-scale comparison of TEs in asexual and sexual lineages.
In this study, we evaluated 20 asexual and 20 sexual isolates from North America by using whole-genome sequencing data to investigate whether the distribution pattern of TEs is different in asexual/sexual D. pulex isolates and whether TE insertions are associated with the origin of asexuality. With a recently available high-quality reference genome assembly of D. pulex (Ye et al. 2016) , we investigated the insertion polymorphisms of TEs in a group of cyclically sexual and obligately asexual D. pulex. We first reconstructed an improved in silico TE library by searching for TE sequences in two available D. pulex genomes, PA42 (Ye et al. 2016) and TCO (Colbourne et al. 2011) , and then developed an algorithm based on paired-end reads to estimate the composition and the insertion polymorphisms of TEs in each isolate. This study constitutes the first comprehensive comparative analysis of TEs between sexual and asexual D. pulex populations, clarifying the different behavior of TEs in the two systems.
Materials and Methods

Data Source
Genomic next-generation sequencing data of D. pulex were partly retrieved from a previous study (Tucker et al. 2013) . Among the available 22 D. pulex isolates (11 sexuals and 11 obligate asexuals), we abandoned 2 isolates with low sequencing quality and retained 10 sexual and 10 obligately asexual isolates each with coverage between 30X and 41X. Another 10 sets of genome sequencing data from asexual D. pulex isolates (with coverage between 21X and 29X) were retrieved from another recent study (Xu et al. 2015) , named as "urban" isolates because they are often discovered in recently deforested areas and can inhabit in waters contaminated by heavy metals. The urban isolates also carry diagnostic D. pulicaria alleles in addition to chromosomes 8 and 9 (Hebert and Crease 1983; Xu et al. 2013) . Although there are additional 11 asexual D. pulex isolates available (Xu et al. 2015) , the sequencing data of these isolates are not suitable for this study due to short insert size (~150-200 bp) between paired-end reads and thus were not used here. Another 10 sexual D. pulex isolates (with coverage between 27X and 33X) were extracted from four different sequencing population data sets in Lynch lab. Among the 10 paired-end wholegenome sequencing data from D. pulicaria, 6 are from Xu et al. (2015) , and the other 4 are sequenced by Joseph Shaw Lab at Indiana University used as the supplemental data to verify our conclusion. The unpublished raw fastq files of 10 sexual D. pulex and 4 D. pulicaria isolates have been deposited at NCBI Short Read Archive under the accession PRJNA355243, while the new D. pulex genomic assembly PA42 has been deposited at NCBI under the accession PRJEB14656. The sources, reproduction modes, and coverage of all the used 20 asexual D. pulex, 20 sexual D. pulex, and 10 D. pulicaria isolates are summarized in supplementary table S1, Supplementary Material online.
De Novo Identification of TEs
Although there are available TE sequences from a previous D. pulex assembly TCO (Colbourne et al. 2011) , we still searched for all the TEs in both D. pulex reference genome de novo (PA42 and TCO) due to more available TE identification software now. The three types of full-length TEs, including LTR retrotransposons, non-LTR retrotransposons, and DNA transposons, were identified separately.
Identification of Intact LTR Retrotransposons
Two computer software were used here to search for all potential full-length LTR retrotransposons: LTRharvest (Ellinghaus et al. 2008 ) and MGEScan-LTR (Rho et al. 2007) . A previous comparison of various de novo LTR-element identification programs has suggested that these two programs give the best results related to the number of true detected LTR retrotransposons (Lerat 2010) . Both programs identify the structural features of LTRs and return candidate TE sequences. Because the outputs likely contain all kinds of repeats, several filtering rules based on multiple structural rules were applied to exclude non-TE sequences: detection of a pair of LTRs with length >80 bp and similarity >80% at the nuclear level, and the presence of putative Pol ORFs. To identify the four key protein domains (AP, RH, RT, and INT) of Pol ORFs included in LTR retrotransposons, we first translated each candidate TE into six frames with transeq from the EMBOSS package (Olson 2002) , and then searched against Pfam HMM and CDD profiles by using RPS-Blast with stop codons (Marchler-Bauer et al. 2011; Finn et al. 2014 ). The profiles included: RVT_1 PF00078, RVT_2 PF07727, RT_LTR cd01647, RT_pepA17 cd01644, RT_DIRS1 cd03714, cd09272 RNase_HI_RT_Ty1, cd09273 RNase_HI_RT_Bel, cd09274 RNase_HI_RT_Ty3, cd09275 RNase_HI_RT_DIRS1, rve PF00665, cd00799 INT_Cre_C, Peptidase_A17 PF05380, Retrotran_gag PF03732, RVP PF00077. An LTR retrotransposon was retained for further analysis if at least one protein domain was found in the element with an E-value <1eÀ10. The elements identified by both programs were combined together. If overlapping or nested elements were identified by different programs, we only kept the longer element by manually check.
To classify the different clades (Ty1/Copia, Ty3/Gypsy, Bel/ Pao, and Dirs) of LTR retrotransposons, we first extracted the RT sequence of each element if existence of an RT protein domain, and then used RT sequences to classify elements. If absence of an RT sequence, the element was clustered with CD-HIT based on the sequence similarity (>80%) of LTRs (Fu et al. 2012) . For a few elements unclassifiable by RT domain or LTRs, we aligned them to the already classified elements to obtain clade information. Reference RT sequences used to classify LTR retrotransposons were obtained from NCBI, listed in supplementary table S2, Supplementary Material online (Rho et al. 2010) . Multiple alignments were carried out by using Mafft (Katoh et al. 2005 ) and the phylogenetic analysis was conducted by using FastTree (Price et al. 2009 ).
Identification of Non-LTR Retrotransposons
Autonomous non-LTR retrotransposons (LINE) were identified using program MGEScan-nonLTR, which uses probabilistic model to search for RT protein domain (Rho and Tang 2009) . We only retained elements containing RT domain for further analysis because all autonomous non-LTR retrotransposons encode RT. Similar to the procedure of classifying LTR retrotransposons into different clades, putative non-LTR retrotransposon sequences were also translated into six frames and searched with RPS-Blast against RT domains of non-LTR retrotransposons in CDD profiles (RT_nLTR_like cd01650), while only the elements with an E-value <1eÀ10 were retained. RT sequence was extracted from each candidate element to classify non-LTR retrotransposon into different clades. Five clades of reference non-LTR RT sequences listed in supplementary table S3, Supplementary Material online were extracted from Repbase update library (Jurka et al. 2005) .
Identification of DNA Transposons
Autonomous DNA transposons were identified in D. pulex genomes by using program MGEScan-DT (Ismail and Tang 2016, unpublished data) with the following procedure: first, six representative transposase sequences (Harbinger, hAT, sil2eu, P element, Mariner, helicase) are extracted from Repbase update library. Second, the hidden Markov model of each clade is constructed by using HMMer. MGEScan-DT uses HMMer to search for genes encoding transposases in the genome sequences against these clade-specific pHMMs. Once it identifies the hit region with acceptable E-value (<1eÀ10), the sequence is extended in both sides to locate the TIRs within the acceptable sequence length (3-20-kb) (Jiang 2013b) . This program automatically classifies the DNA transposons into different clades according to their transposase sequences.
All three subclasses of TE sequences identified in both genomes were combined and redundant elements with the full sequence similarity >98% were removed by using CD-HIT clustering algorithm, constituting a non-redundant fulllength TE sequence library.
Read Mapping
Raw paired-end reads from 20 asexual and 20 sexual D. pulex isolates were first trimmed with quality (Q > 25) and length (>60 bp) control using Trimmomatic (Bolger et al. 2014) , and were subsequently mapped to the non-redundant TE library using the software BWA with the mem default parameters (Li 2013) . Fractions of reads mapped to each element were extracted from SAM-formatted alignments.
Characterization of TE Insertions
The algorithm for detecting TE insertions has been described previously (Lee et al. 2014) , attempting to identify paired-end reads in which one read is mapped to a TE sequence, while the other is mapped to a unique location in the reference genome. This algorithm takes three files as input: (1) the D. pulex PA42 reference genome, (2) a pre-built TE sequence library, and (3) paired-end sequences from each of the isolates.
Our goal was to identify all possible TE insertions that are present in each isolate, thus, both full-length and fragmented TEs in D. pulex genomes were considered. In this step, we used non-redundant full-length TE sequences as the TE library in a homology search to detect all the fragmented TEs in TCO and PA42 reference genomes using a commonly used tool RepeatMasker (Smit et al. 2004 ). For overlapping elements identified by the program, the element with the best score was kept. We only considered elements with a length of at least 500 bp in our further analysis. The TE insertion detection algorithm cannot distinguish redundant elements with nearly identical sequences in the end region, therefore, the fulllength and fragmented elements were combined and clustered to further remove redundancy using sequencing similarity 95% at both end regions (250 bp for each end) as threshold. Moreover, to make sure the inserted element identified was present in the corresponding isolate and thus reduce the false-positive rate, we took the following steps: first mapped paired-end reads of each isolate to the entire TE library, and then calculated the fraction of each element mapped with reads using coverageBed in BEDTools package (Quinlan and Hall 2010) . Only the element with more than 90% of its sequence covered by reads in the isolate was retained in the TE library for the TE insertion detection algorithm that applied to the sequencing data of the corresponding isolate.
The algorithm was then conducted in each isolate, and paired-end reads were simultaneously mapped to the input TE library as well as the PA42 reference genome to detect TE insertions. Three types of TE insertions were identified: pairedend reads supporting both forward and reverse directions around the insertion site, only paired-end reads supporting the forward directions, and only paired-end reads supporting the reverse directions. The final TE insertions used in the subsequent analysis include those supported by three or more pairs of reads at both the 5 0 and 3 0 ends of the TE insertion, or by five or more pairs of reads at either of the 5 0 or 3 0 ends. This empirical criteria used here may miss some of TE insertions, particularly when the paired-end read coverage is not very high.
Results
Identification and Annotation of TEs
We used an approach combining structure-based and homology-based methods to identify all TEs in two available draft D. pulex assembly genomes, TCO and PA42. In a first step, a structure-based approach identified 1,487 full-length TE sequences, including 1,139 LTR retrotransposons, 131 non-LTR retrotransposons, and 217 DNA transposons (table 1). The defined full-length TEs are limited to those containing a functional protein-coding domain, essential to the transposition structural components. As noted earlier, LTR retrotransposons are the most abundant subclass of TEs in the D. pulex genome. Here, 784 of the total 1,139 full-length LTR retrotransposons were derived from TCO genome, including all of the 314 intact elements identified in the previous study (Rho et al. 2010) . Two probable reasons can explain the enlarged TE library: first, all four protein domains in the Pol region (RT, RH, INT, AP) were searched instead of only the RT domain in the previous study, and second, two software programs were used instead of only MGEScan-LTR. For non-LTR retrotransposons, the phylogenetic analysis of RT sequences revealed that L2 is the most abundant clade among the four identified clades (Jockey, L1, L2, and LOA) in D. pulex. For DNA transposons, isl2eu and helitron are the most abundant of the six observed clades, whereas only a few hat and P elements were found. In a second step, we first clustered the 1,487 fulllength TEs into a non-redundant TE library (similarity >98%) containing 1,461 sequences, and then used these TE sequences in a homology search to annotate additional fragmented TEs with lengths longer than 500 bp. In total, the homology-based approach annotated 27,849 fragmented TEs, including 23,136 LTR retrotransposons, 2,066 non-LTR retrotransposons, and 2,647 DNA transposons.
The full-length and fragmented TEs identified in the TCO and PA42 genome assemblies constitute an enlarged and comprehensive TE library, making up 12.9% of the PA42 reference genome, with the majority being in the subclass of LTR retrotransposons (10.6%). The expanded full-length TE-sequence library significantly increases the estimated copies of TEs (17, 303) in the TCO genome relative to that derived in the previous study (7,821) (Colbourne et al. 2011 ). We noted that there are almost twice the numbers of full-length (and fragmented) TE sequences in TCO as in PA42. It is not surprising that TCO contains more TE elements because TCO is a unique geographically isolated clade with a larger (with an assembly of~195 Mbp) and more complex genome than PA42 (with an assembly of~156 Mbp). The TCO genome is derived from a population estimated to have a substantially reduced effective population size relative to the more broadly distributed Midwest U.S population from which PA42 genome is derived, and effective population size is thought to strongly affect TE proliferation in the genome (Ye et al. 2016) . Systematic comparison of other genomic-architectural differences between TCO and PA42 is described in Ye et al. (2016) .
TE-Derived Sequences in the D. pulex Genome
On average,~90% of total sequencing reads from each D. pulex isolate can be aligned to the PA42 reference genome, and~18% of the whole-genome sequencing reads from each of the 40 D. pulex isolates can be aligned to the TE library consisting of 1,461 full-length TE sequences, of which on average~16% were annotated as LTR retrotransposons, and~1% each as non-LTR and DNA elements, respectively (supplementary table S4, Supplementary Material online). The fractions of reads mapped to each TE sequence in these genomes are listed in supplementary table S5, Supplementary Material online. The estimated TE fraction from read mapping (~18%) is higher than that from the annotation of the PA42 reference assembly (~12.9%, table 1), indicating that the draft assembly may still be incomplete and missing some TE copies. Although the total fraction of TE-derived DNA sequences varies among the 40 D. pulex isolates, ranging from~17 to 28% (supplementary table S4, Supplementary Material online), the estimated mean in asexual isolates (~21%) is not significantly different from that in sexual isolates (~22%, t-test, P = 0.21). Notably, of the 1,461 full-length TE sequences in the library, 6 LTR retrotransposons (including 1 Bel, 1 Copia, and 4 Gypsy TEs) identified from the TCO reference genome have almost no hits across all 40 Midwest D. pulex isolates (supplementary table S5, Supplementary Material online), implying that these elements may be restricted to TCO. In contrast, all of the TEs found in PA42 have read hits, implying the close relationship between PA42 and the evaluated isolates.
Polymorphisms of TE Insertion Sites in Asexual and Sexual
D. pulex Isolates
We used a computational method to detect TE insertion sites based on the mapped paired-end reads (see Materials and Methods for details). This method takes as input a reference genome, a database of TE sequences, and a large set of paired-end sequencing data, and then reports a list of readpair clusters. A TE insertion site is recognized if one of the paired-end reads is mapped to a unique location on the PA42 reference assembly while the other one is mapped to either end of a TE sequence. The purpose here was to search for the insertion sites of all kinds of TEs in D. pulex isolates. We measured the insertion polymorphism of a TE insertion site (i.e., a specific location of a specific TE) in sexual/asexual isolates by the number of clones containing this TE insertion in each of the two groups, respectively: if a TE insertion is identified at a locus in single isolate, it is defined as singleton; if a TE insertion is observed in some (at least one) but not all isolates in the same (sexual or asexual) group, the insertion is considered to be polymorphic in this group; if a TE insertion is observed in all 20 isolates in the sample, the insertion is considered to be fixed. A total of 58,976 TE insertion sites were identified in 40 D. pulex isolates by applying this method ( fig. 1 ). These elements inserted at these sites represent a broad taxonomic range, including 48,103 LTR-retrotransposons, 3,749 non-LTR retrotransposons, and 7,124 DNA transposons. The TE insertions in each group are mainly singletons (22,119 in asexuals vs. 20,418 in asexuals), which constitute more than half of the TE insertions in both populations (~51% in asexuals and 54% in sexuals), implying that most TEs are in a dynamic process of expanding and diminishing. The distribution of TEs in asexual and sexual populations is significantly different (Wilcoxon signed rank test, P = 0.0006). Fewer TE insertions were found in the 20 asexual isolates (37,805) than in the 20 sexual isolates (42,920), with 21,749 common insertions in both samples, 16,056 and 21,171 unique insertions in asexual and sexual groups, respectively ( fig. 2A ). More fixed TE insertions were identified in the asexual group (2,405) than in the sexual group (1,387), although the fixed TE insertions are only a small portion of the total TE insertions (~6% in asexuals, and 3% in sexuals).
Nevertheless, the numbers of TE insertions identified in each isolate by the TE identification algorithm is sensitive to the depth of read coverage and insert size (Lee et al. 2014) , as higher coverage and longer insert size help to cover more TE insertions comprehensively (see supplementary table S6, Supplementary Material online, summarized all the TE insertions in each of the 40 D. pulex isolates). Here, we further focused on eight asexual isolates and eight sexual isolates (table 2) with almost the same average coverage (~33X) and insert size (~300 bp) in an attempt to avoid the bias introduced by the analytical pipeline in the comparison of TE insertion abundance between asexuals and sexuals. The number of TE insertions in each of the 16 focused isolates ranges from~7,400 to~8,500, with an average number of 8,000 insertions. Although both groups contain almost the same number of TE insertions per isolate (8,174 in asexuals vs. 8,015 in sexuals on average; t-test, P = 0.30), the variation of the number of TE insertions among different isolates in the sexual group is significantly higher than that in the asexual group (table 2, F-test to compare two variances, P = 0.01). A comparison of the numbers of unique TE insertions in the focused 16 sexual/asexual isolates also shows the same tendency as in the 40 isolates ( fig. 2B ): fewer total TE insertions and more fixed TE insertions were found in the eight asexual isolates (17,991 and 3,721) than in the eight sexual isolates (19,301 and 3,191) .
Asexual/Sexual-Specific Fixed TE Insertion Sites
When paired-end shotgun sequencing data have relatively low coverage or short insert size in isolates, some TE insertions may be missed by our TE insertion detection method as they are spanned by few or no read pairs. The average coverage of the 40 isolates used here is~30X (ranging from 20X to 41X) and may not be sufficient to detect all TE insertions. Therefore, we relaxed the condition to define a TE insertion site as asexual/sexual-specific fixed if it was identified in at least 16 (instead of all 20) isolates in one group but absent in all 20 isolates from the other group. Using this criterion, a comparison of the distribution of polymorphic TE insertion sites in sexual and asexual isolates clearly shows that some TE insertions are fixed in asexual isolates while absent in sexual isolates ( fig. 3 and supplementary table S7 , Supplementary Material online). After manual inspection, we found nine potentially asexual-specific fixed TE insertion sites, contributed by eight LTR retrotransposons and one DNA transposons, but did not find any sexual-specific fixed TE insertions (table 3) . Using genetic markers located on the scaffolds containing these TE insertion sites (Ye et al. 2016) , we derived the chromosomal location of these asexual-specific fixed TE insertions: eight are located on chromosome 9, while the remaining one is located on chromosome 7.
We further evaluated whether the nine asexual-specific fixed TE insertion sites identified in our in silico analysis are associated with any genes related to the origin of asexuality by searching for genes within 10-kb flanking regions upstream and downstream from these TE insertion sites. In the total of 14 protein-coding genes located in flanking regions of the 9 TE insertion sites (supplementary table S8, Supplementary Material online), we found genes related to metabolic processes, components of membrane or extracellular, but no gene with obvious relevance to meiosis. Thus, more evidence is required to determine whether the participation of TE insertions have impacted the process of converting meiotically reproducing isolates into asexuals.
As noted earlier, previous studies showed that some genomic regions from D. pulicaria have been transferred into the obligately asexual isolates of D. pulex via historical introgression, with perhaps the entire chromosomes 8 and 9 in asexual D. pulex lineages originating from D. pulicaria (Tucker et al. 2013; Xu et al. 2013) . To investigate whether these asexual-specific fixed TE insertions were inherited directly from D. pulicaria or occurred within the asexual isolates after introgression, we also searched for TE insertions with the available sequencing data for 10 D. pulicaria isolates (see supplementary table S1, Supplementary Material online, for details). It is possible that TE insertions inherited from a unique D. pulicaria ancestor that gave rise to asexuality was simply subsequently inherited by all descendant asexual isolates. Therefore, an asexual-specific TE insertion site was recognized as being potentially inherited from D. pulicaria if it was identified in at least one D. pulicaria isolate at an orthologous site. We observed that all nine fixed asexual-specific TE insertions, including a TE insertion site located on chromosome 7, were also identified in D. pulicaria isolates (table 3) .
In this study, we used 20 asexual D. pulex isolates from two different sources: 10 normal isolates from Tucker et al (2013) and 10 "urban" isolates from Xu et al (2015) . A principle component analysis using SNPs characterized in the latter study showed that the normal and "urban" asexual D. pulex isolates are clustered separately (see fig. 1 in Xu et al. 2015) . The number of TE insertions identified in at   FIG. 3. -Occupancy distribution of polymorphic TE insertions at sites in 20 asexual and 20 sexual isolates. The numbers of polymorphic TE insertions are displayed in a heatmap illustration according to the numbers of asexual (x-axis) and sexual (y-axis) insertions in genotypes within which a TE insertion at a specific site is recognized. White in the figure means absence of corresponding numbers of TE insertion in both groups. NOTE.-The left part includes the source information of the inserted TE, and the right lists the information on the inserted site in the PA42 genome. Taking TCO_107_283317_283825 as example, it is a copia LTR retrotransposon, the TE sequence originally derived from the scaffold 107 of TCO assembly, with 5 0 and 3 0 boundaries 283,317 and 283,825 All eight asexual isolates have this insertion, corresponding to scaffold 103 of the PA42 assembly, almost from~100,226-101,237 (this is randomly picked up in one isolate, and the insertion location searched by our TE-insertion algorithm is slightly different in each isolate), while scaffold 103 is located on chromosome 9. Each of these TE insertions is also present in some D. pulicaria isolate. a Number of clones in the asexual group containing the TE insertion which is also absent from all sexual clones. Chromosome the insertion site is located on.
least 10 or more isolates in one group but absent in the other group are summarized in supplementary table S9, Supplementary Material online. With this somewhat relaxed criteria, 61 additional asexual-specific polymorphic TE insertion sites were found, among which 11 and 26 TE insertion sites were only identified in normal and urban isolates, respectively, indicating that asexual D. pulex isolates of normal and urban sources are extensively diverse in term of the TE distributions. We also identified 13 sexual-specific polymorphic TE insertion sites. Notably, 28 out of 61 asexual-specific polymorphic TE insertion sites can be identified in at least one D. pulicaria isolate, and furthermore, 17 out of the 28 insertion sites are located on asexuality-associated chromosomes 5, 8, 9, and 10. In contrast, only one (out of 13) sexual-specific polymorphic TE insertion site has an orthologous insertion in D. pulicaria isolates.
Discussion
We have presented the first systematic comparison of the fractions and distributions of all three types of TEs between asexual/sexual D. pulex isolates, providing a more comprehensive picture of polymorphisms of TE insertion sites in D. pulex than in previous reports. To achieve this, we first compiled a TE sequence library in two D. pulex reference genomes by using multiple de novo searching methods, expanding by almost threefold the TE library from previous studies of the D. pulex genome TCO (Colbourne et al. 2011) . Using this TE library, we then estimated the fraction of TE-derived DNA sequences in the genomes of multiple D. pulex, and observed that there is no significant difference in the content of TE sequences between 20 asexual and 20 sexual D. pulex isolates. Moreover, results from the comparison of eight asexual and eight sexual D. pulex isolates with similar coverage and insert size indicated no difference in numbers of TE insertions between two groups. These results are consistent with a recent study in different asexual arthropods (Bast et al. 2016) , which observed no evidence of increased TE load in genomes of asexual D. pulex isolates, although this previous study only used four of the isolates included in the current more comprehensive study.
TE insertions are quite polymorphic in different D. pulex isolates as in populations of many other species (Lisch 2013; Barró n et al. 2014; Joly-Lopez and Bureau 2014) . For instance, a previous study conducted in a Portuguese population of D. melanogaster showed that most TE insertions occur only in a few individuals rather than in the whole population (Kofler et al. 2012) . We also observed that TE insertions in D. pulex are often present as singletons (~52%) rather than being present in most isolates ( fig. 1) , consistent with the basic viewpoint from population genetics: persistence of a TE is possible without fixation if the insertion of TE is frequent enough to allow the successful generation of a new copy before being eliminated by selection (Charlesworth and Charlesworth 1983; Langley et al. 1983; Charlesworth and Barton 2004) . In the future, we plan to characterize the locations of TE insertions in different D. pulex genomic regions (e.g., centromeric or gene rich), as soon as a more complete genome assembly including the chromosomal locations of contigs becomes available.
Although no significant difference in the average TE contents was observed between asexual/sexual groups, we observed more polymorphisms of TE insertions in the sexual than in the asexual group ( fig. 1) . Two earlier studies (Schaack, Choi, et al. 2010a; Schaack, Pritham, et al. 2010b ) compared TE loads based on six different families of DNA transposons in asexual/sexual D. pulex populations, and showed that sexuals exhibit higher insertion polymorphisms among lineages, consistent with the conclusion of this study. This was explained by the fact that recombination provides a mechanism by which the rates of both TE gain and loss can be accelerated. In this study, we also found more fixed TE insertions in asexual isolates than in sexual isolates, with some asexual-specific TE insertions being derived from D. pulicaria, indicating that all observed asexuals are likely to have inherited, in an initial hybridization event, particular chromosomes from D. pulicaria carrying a specific load of TEs. However, previous studies also found that sexuals have more active DNA transposons than asexuals by using transposon display, whereas we observed no significant difference in total TE load (including DNA transposons) between asexual and sexual isolates. The discordance of this conclusion can be explained by the fact that different studies focused on different aspect of TEs: the previous studies focused on the dynamics of TEs and conducted experiments on only six families of potentially active DNA transposons, whereas here we used the whole-genome sequencing data to compare the difference of all potential TEs in the entire genome without distinguishing autonomous from non-autonomous elements. More RNA-seq data or experiments based on transposon display may help to further elucidate the difference of both autonomous from non-autonomous TEs across the entire genome between asexual/sexual populations.
Different complex phenomena related to TE abundance between asexual/sexual isolates have arisen in different species. For example, for evening primroses, almost twofold variation in genome size was observed in asexual/sexual isolates, but TEs seem not to play a major role in the genome size evolution (Å gren et al. 2015) . For D. pulex, we observed no significant difference in the TE abundance between asexual and sexual lineages except for some asexual-specific fixed TE insertions. This can be explained by some unique features of the D. pulex system: first, the spread of asexual D. pulex lineages is very recent, perhaps only a few thousand years (Tucker et al. 2013 ), and such a short time scale may be insufficient to evolve substantially different TE contents between asexual and sexual D. pulex lineages. Second, males produced by asexuals can produce haploid gametes that permit backcrossing with sexual isolates, thereby facilitating transmission of asexuality elements to sexuals , and further narrowing the difference in TE abundance between asexual/ sexual D. pulex lineages. Third, recent evidence demonstrated the origination of asexual D. pulex lineages via hybridization between sexual D. pulex and D. pulicaria lineages, indicating asexual D. pulex lineages inherited TEs from both ancestors. Once asexual D. pulex lineages inherited different TEs from D. pulicaria, abandonment of sex presumably has made it hard to eliminate these TE insertions. This can partially explain why we observed no sexual-specific fixed TE insertions while the identified asexual-specific fixed TE insertions are located on chromosome 9 (except one located on chromosome 7) that was demonstrated to be associated with obligate-asexuality related markers and inherited from D. pulicaria. Inheritance of TEs from D. pulicaria chromosomes may be an important reason why asexual isolates contain some different TE insertions with sexual isolates.
We developed a pipeline for detecting polymorphic TE insertions between asexual and sexual populations that uses paired-end sequencing data. Although this method is particularly useful when the sequencing depth of each clone is not sufficiently high to confidently recover all TEs in their de novo assembly, it still suffers two limitations. First, it relies on a preassembled TE library, including only TEs identified in the reference genomes. Thus, some novel elements in natural D. pulex lineages might be missing, although we identified all potential TEs within two available reference genomes. For example, using the PCR method, Eads et al. (2012) identified a unique TE insertion located on chromosome 8 near a meiotic cohesion-related gene Rec8 in all evaluated obligately asexual D. pulex but absent in all sexuals. This TE sequence was not included in our TE library because it is absent from the sexual D. pulex reference genomes (PA42 and TCO). For similar reasons, we cannot recover all of the TE sequences present in the asexual D. pulex genomes with a sexual reference and may miss some asexual-specific TE insertions. However, the bias introduced by using a sexual reference genome should be small for two reasons: (1) asexual D. pulex lineages are very young, and (2) Daphnia are diploids, and only one of the two chromosomes 8 and 9 of the asexual D. pulex lineages are derived from D. pulicaria, which as a very close species to D. pulex will not have a greatly divergent genome from sexual D. pulex. Second, our method is also sensitive to the depth of read coverage and insert size, with increasing coverage of sequencing data enabling the identification of more TE insertion sites (Lee et al. 2014) . However, to control for this, we used the 16 isolates with almost the same coverage depth and insertions size to conduct comparisons of TE abundance between asexual and sexual D. pulex genomes. Therefore, although having two limitations, our algorithm is still effective for conducting the comparison of TEs between asexual and sexual D. pulex groups.
To further confirm the effectiveness of our algorithm, we added the TE sequence found by Eads et al. (2012) to our TE library (downloaded from NCBI), and determined if the pipeline can identify the insertion of this TE in the lineages used in this study. We found that the TE insertion on chromosome 8 found by Eads et al. (2012) is confirmed in all the 10 isolates from Tucker et al. (2013) by this algorithm, demonstrating that our pipeline can efficiently identify TE insertion sites if the relevant TE sequences are included in the TE library. Interestingly, we also identified additional 5 insertion sites of this TE sequence in asexual isolates but absent in all 20 sexual isolates, among which 2 and 3 are identified in all the 10 isolates from Tucker et al (2013) and Xu et al (2015) , respectively. However, there is no fixed asexual-specific insertion of this TE sequence. This suggested that our in silico searching method can help confirm the findings of previous experimental studies and predict more candidates of TE insertions not identified by experiments. Notably, the difference between normal and urban asexual D. pulex isolates is that the latter carry diagnostic D. pulicaria alleles in addition to those on chromosomes 8 and 9 (Hebert and Crease 1983; Xu et al. 2013) . This is likely the reason why the TE insertion found by Eads et al. (2012) was not identified in the isolates from Xu et al. (2015) and why this TE sequence is distributed in normal and urban isolates at distinct locations.
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